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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

This project has focused on investigation of the synthesis and chemistry of compounds in
which two transition metal centers are bridged by a single nitrogen atom, the bridging nitride
ligand. The research is directed at understanding the chemical and physical properties of the
M(N)M unit in order to explore its use as a building block for new transition metal-containing
polymers. Our approach has involved the parallel exploration of molecular nitride-bridged species,
which serve as model systems for developing the chemistry of these compounds, and of extended
structures incorporating metal-nitrogen-metal linkages. Inorganic polymers in which transition
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metal atoms are incorporated into the structural backbone are anticipated to be important new
materials with a variety of desirable properties, however study of these systems is currently limited
by the scarcity of methods available for their synthesis. Our work has aimed at using and
understanding a simple condensation reaction between silylimido and halide (especially fluoride)
ligands that we have discovered for the preparation of metallonitride complexes and polymers.

Using this chemistry, we have prepared a series of new vanadium-rhenium, -rhodium,
-iridium, and iridium-iridium nitride-bridged coniplexes. Spectroscopic, physicochemical, and
reactivity studies of these species, as well as X-ray structural studies of selected compounds, have
established that these systems possess asymmetric linear nitride bridges with stable bonds between
the nitride ligand and two very different metal centers. These studies have allowed us to develop a
detailed understanding of the influence of changes in the metal, its oxidation state, and its ligands
on the structure and stability of the nitride bridge.

A key feature of the condensation reaction is its potential for the preparation of polymeric
metallonitrides from starting materials having the silylimido and halide ligands on the same metal
center. Using this reaction, we have prepared new linear chain polymers based on a vanadium-
nitride backbone and containing pyridine ligands. The vanadium nitride polymers have remarkable
stability as crystalline solid state compounds. X-ray diffraction studies reveal the detailed structure
of the pyridine derivative which is a linear chain metallonitride polymer composed of six-
coordinate vanadium centers joined by alternating short and very long V-N bonds. Comparison of
the solid state structures and solution behaviors of a series of these derivatives demonstrates that a
critical feature in determining the stability of the nitride-bridged structures is x-stacking interactions
between pairs of pyridine ligands on neighboring chains.

The rapid self-assembly of this highly ordered polymeric structure in quantitative yield is
striking. In order to learn how to extend this chemistry to the synthesis of other metallonitride
polymers, we have used reactivity and kinetic studies to address the mechanism of the
condensation/polymerization reaction. Mechanistic modelling has demonstrated that both
intermolecular condensation of vanadium silylimido chloride derivatives and oligomerization of
vanadium nitrido monomers can yield the nitride-bridged linear chain complex.

In order to explore the scope of the condensation reaction for the synthesis of a variety of
nitride-bridged molecular compounds and extended structures, we need to be able to vary the
starting silylimido derivative. Silylimido compounds are rather rare, therefore we have focused
effort on developing methods for their preparation. We have synthesized a family of niobium and
tantalum silylimido complexes using hexamethyldisilazane as the source of the trimethylsilylimido
group and a series of molybdenum and tungsten silylimido derivatives by the addition of
trimethylsilylazide to oxidizable molybdenum and tungsten complexes, and have explored the
reactivity of these compounds. Per

Overall, our efforts to use a molecular approach toward transition metal-containing --
polymers have progressed well. Specifically, we have learned how to synthesize a range of 1
silylimido compounds, developed a reaction based on condensation of silylimido and halide 0
ligands for the synthesis or nitride-bridged bimetallic complexes, and applied this chemistry to the a

preparation of polymeric vanadium nitride linear chain compounds. Furthermore, from our studies
of these systems a detailed picture of the nitride bridge and its potential for use as a building block
for new transiton metal-containing polymers is emerging. d.ty codes
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INTRODUCTION

We have been investigating the synthesis and chemistry of compounds in which two
transition metal centers are bridged by a single nitrogen atom, the bridging nitride ligand. This
research is focused on understanding the chemical and physical properties of the M(N)M unit in
order to explore its use as a building block for new transition metal-containing polymers. Our
approach has involved the parallel exploration of molecular nitride-bridged species, which serve as
model systems for developing the chemistry of these compounds, and of extended structures
incorporating metal-nitrogen-metal linkages. Inorganic polymers in which transition metal atoms
are incorporated into the structural backbone are anticipated to be important new materials with a
variety of desirable properties, however study of these systems is currently limited by the scarcity
of methods available for their synthesis. Our work has aimed at using and understanding a simple
condensation reaction that we have discovered for the prparaton of metallonitride complexes and
polymers.
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RESEARCH ACCOMPLISHMENTS

Our AFOSR-supported research on transition metal compounds with bridging nitride
ligands has focused on three aspects of this chemistry: (a) synthesis and study of bimetallic
nitride-bridged model compounds, (b) formation and structure of linear chain metallonitride
polymers, and (c) preparation and reactivity of silylimido precursor compounds. Our most
significant results in these areas are summarized below.

Bimetallic nitride-bridged model compounds. We have developed a synthetic
route to nitride-bridged complexes based on a simple condensation reaction between silylimido and
halide ligands. Using this chemistry, we have prepared a series of new nitride-bridged vanadium-
rhodium and -iridium complexes (II), isolated in high yield from the reaction of I with square
planar group VIII metal fluorides (paper #6).

Me3SiO\ L MeSiO \  L
I -XiM03 I

S V NSiMe3 + X-M-L M .. V-=N-M-L
Me3SiO I MeISiOL I

ML 3 - Ir(CO)(PPh3)2, Rh(CO)(PPh32h, Rh(PPh3)3

Analogous reactions of I with rhodium and iridium methoxide and acetate derivatives also produce
1. These air-sensitive compounds are readily characterized by standard techniques including

NMR (1H, 13C, 31p, 5V) spectrometry, IR spectroscopy, and elemental analysis. The iridium
compounds undergo a number of clean oxidative addition reactions at the group VIII metal center,
yielding new nitride-bridged derivatives (III) in which an octahedral iridium(UI) is linked to
vanadium(V) via the nitride ligand (paper #6).

M 3SiMe MeS L Me3SiO L
M O\ I L  .+MeX IeASIOI1

Me SO VN-I r- CO me S0 -V-N-Ir-CO MeaSiovVMN-Ir-X
Me3SiO I X M1O L MeSi III "CO

XwIOTI X2 -H2, C1202

We have successfully extended the condensation reaction to coordinatively saturated metal
fluorides and to late metal silylimido complexes, synthesizing vanadium-rhenium (IV) (paper #5)
and iridium-iridium (V) (paper #9) nitride-bridged compounds.

MeI3 ° I
M V --N-R.-CO CpIrwN-Ir-CO

Ph3P'I I
M03SiO PPh2  PP

IV V

2
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Synthesis of compounds IV.V is significant because it demonstrates the generality of our method
for formation of the nitride bridge and because it has allowed us entry into new nitride-bridged
systems for detailed study.

Spectroscopic, physicochemical, and reactivity studies of H-V, as well as X-ray structural
studies of selected compounds, have established that these systems possess asymmetric linear
nitride bridges with stable bonds between the nitride ligand and two very different metal centers,
and have allowed us to develop a detailed understanding of the influence of changes in the metal,
its oxidation state, and its ligands on the structure and stability of the nitride bridge.

Linear chain metallonitride polymers. A key feature of the condensation reaction is
its potential for the preparation of polymeric metallonitrides from starting materials having the
silylimido and halide ligands on the same metal center. Using this reaction, we have prepared new
linear chain polymers based on a vanadium-nitride backbone.

By substitution of the siloxide ligands of I we have synthesized a vanadium(I) silylimido
derivative possessing reactive metal-chlorine bonds (VI). Compound VI undergoes rapid
elimination of chlorotrimethylsilane on addition of two equivalents of pyridine or other nitrogen
bases producing vanadium(V) nitrido ligands in high yield. Depending on the identity of the
ancillary ligands, either polymeric nit. de-bridged compounds (VII) or monomeric complexes with
terminal nitride ligands (VIII) are formed (paper #1).

lpc, el 1
lL ., L C . CI L .C l\ -CIS IMe3  IL

c V NNSiMe3  + 2L a-
SVC CI LCl

L= N ~ ViI

VlNCI\ CISM III

ClwVyNSMea + 2 L -- oV

IL- N -- Et, N -'Bu, N/ VIII

Compounds VII and VIH are among the very first examples of vanadium nitrido derivatives
known.

The vanadium nitride polymers (VII) have remarkable stability as crystalline solid state
compounds. X-ray diffraction studies reveal the detailed structure of the pyridine derivative which
is a linear chain metallonitride polymer composed of six-coordinate vanadium centers joined by
alternating short and very long V-N bonds. Comparison of the solid state structures and solution
behaviors of VU and VII demonstrates that a critical feature in determining the stability of the
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nitride-bridged structures in VI is n-stacking interactions between pairs of pyridine ligands on
neighboring [V(L-N)Cl2L2]. chains (paper #1).

The rapid self-assembly of this highly ordered polymeric structure in quantitative yield is
striking. In order to learn how to extend this chemistry to the synthesis of other metallonitride
polymers, we have used reactivity and kinetic studies to address the mechanism of the
condensation/polymerization reaction. We have shown that a highly reactive intermediate,
V(NSiMe3)CI3L2 (IX) can be isolated and observed spectroscopically at low temperatures and is
the major vanadium-containing species present during the condensation reactions. Compound IX
reacts to produce either polymeric VII or vanadium nitride monomers, depending on the reaction
conditions. Mechanistic modelling of the disappearance of IX has demonstrated that both
intermolecular condensation of IX and oligomerization of monomers can yield the nitride-bridged
linear chain complex (paper #$).

Silylimido precursor compounds. In order to explore the scope of the condensation
reaction for the synthesis of a variety of nitride-bridged molecular compounds and extended
structures, we need to be able to vary the starting silylimido derivative. Silylimido compounds are
rather rare, therefore we have focused effort on developing methods for their preparation.

We have synthesized a family of niobium (V) and tantalum (V) silylimido complexes (X)
using hexamethyldisilazane, NH(SiMe3) 2 , as the source of the trimethylsilylimido group (paper
#3).

SiMe 3N
+ NH(SIMe3) 2  III1,C M NbTAC L-M-CI M-NT

+ L CIw I L - py, 4-Mepy, L2 - 4,4'-Me2bipy
L X

These compounds are closely related to VI and analogous to its pyridine ligand adducts IX.
Surprisingly, however, compounds X require significantly more forcing conditions for elimination
of chlorotrimethylsilane and do not cleanly produce nitride products.

We have also prepared a series of molybdenum(IV) and tungsten(IV) mono(silylimido)
(XI) and tungsten(VI) bis(silylimido) (XII) derivatives by the addition of trimethylsilylazide to
oxidizable molybdenum and tungsten complexes (paper #2).

SIMe 3N CI
MCIl 4  + NSIMe3 IIIL + NSIM%3  I ,NSiMe 3MCL -2- L-M-Cl = Cl-W_

-N- L II - * I "NSiMe3

M - W, W Cl -2 PMePh 2  Ph2MeP
L- PMea, PMePh 2  Xl Xll

In contrast to the niobium and tantalum compounds, XI-XI possess highly reactive silylimido
ligands. Of particular interest are their clean reactions with chlorine and phosphine dichlorides to
yield phosphiniminato compounds (XI-X1V) (paper #7).

4
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PMe3  PMe3
M83  I I

N N
Me3P-M-C l 49e Me III,PMea _ Ill el
Me3P Mi [ PMe 3P - M -I  rm-Me 3 P'~ QS~M 3  Me3 -3clPs ct~p

C1L e P Cl . C 1-CICCI C I

XI XlII XIV

These remarkable transformations are important not only to our understanding of the reactivity of
the silylimido ligand, which has been the nitrogen-containing building block for our synthesis of
nitride-bridged compounds, but also because they provide us with reactive nitrogen-phosphorus
bonds in compounds which may also serve as good precursors to nitride-bridged systems.

Summary. Our efforts to use a molecular approach toward understanding transition
metal-containing polymers have progressed well. Specifically, we have learned how to synthesize
a range of silylimido compounds, developed a reaction based on condensation of silylimido and
halide ligands for the synthesis or nitride-bridged bimetallic complexes, and applied this chemistry
to the preparation of polymeric vanadium nitride linear chain compounds. Furthermore, from our
studies of these systems a detailed picture of the nitride bridge and its potential for use as a building
block for new transition metal-containing polymers is emerging.
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